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天窓 の性能 の研 究
一 ガ ラス ボール を用いた天窓 の フォ トンマ ッピング法 に よる コンピ
ュー タ解析 シ ミュ レー シ ョンー
要旨
本稿では、ガラスボール を用いた天 窓の照明性能 、これ らの建物の天窓の実用性、
内装材の明度が どのよ うに天窓の照 明性能 に影響す るか を述べ る。
この研究では、国立研究評議会カナ ダ(NRC)、ハーバー ド大学 とオー トデ スクによ
って検証 されたフォ トンマ ッピングのアル ゴリズムを使用 して、ガラスボールに入
射す る直射 日光の軌跡 を分析 した。
この実験では、4つの異なる種類のスカイライ トと6種類 の異なる内装材の組み合
わせ を分析 した。 照明性能 を計算す るための2つ の分析方法を使用 した。1つ 目の
方法は、 レンダ リング画像 と照度分布画像を作成 することである。 も う一つの方法
は照度 の数値測定である。
その結果 、天窓のガラスボール の量が多いほ ど光が均一に広が ることがわかった。
また、壁材の色の明度 が高いほど平均照度及び均斉度 が向上 し、マ ッ ト材では光沢
材 に比べて明度の違いによる照明性能の差が大 きかった。
本研究において、ガラスボールを用 いた天窓によって、照度 、均斉度を高めるため
に、内装材 として明度 の高い材料 を用い る方が良いことが分 かった。 さらに、本研
究の大 きな成果は、屈折材料 による光の照明効果 の分析が、フォ トンマ ッピングを
用いた コンピュー タ照明分析 によって可能 になったことである。
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 A Study of the Performance of Skylights: 
Computational Simulation Analysis by Photon Mapping of Skylights 
                Using Glass Balls
Summary
This paper examines lighting performances of skylights using glass balls, the practicality of 
these types of skylights for buildings, and how the color of the interior materials affects the 
lighting performance of the skylights. 
In this research t e algorithm for photon mapping, which has been validated in a 
collaborative effort between the National Research Council Canada (NRC), Harvard 
University and Autodesk, was used to analyze the phenomenon f direct sunlight entering 
the glass balls, refracting and diffusing. 
In this experiment, each combination f four different types of skylights and six different 
interior materials were analyzed. Two analysis methods for calculating uniformity were 
used. One method was making realistic rendered images and illuminance distribution 
images. The other method was taking numeric illuminance measurements. 
The results howed that he larger amounts of glass balls in the skylights increased the 
uniformity of the light distribution. Moreover, the higher the value of the color of the wall 
material increased the average illuminance and uniformity, and in matte materials the 
difference in lighting performance due to the difference ofvalue of color was larger than 
that in glossy materials. 
In this study, it was found that it is better to use a material with a high value of color as an 
interior material in order to bring about a higher illuminance and a higher uniformity using 
skylights with glass balls. Moreover, abig achievement of this research was that an analysis 
of the lighting effect of light through refractive materials was made possible by computer 
lighting analysis using photon mapping.
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2.1 Creating Analysis Models
2.1.1 Settings of Analysis Space and Skylight
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5.1 Conclusion of Analysis Results. 
5.2 Conclusion of Analysis Method 




8.1 Images of Results












A history of skylights dates back to Pantheon of the ancient Roman Empire. Figure 1-A 
illustrates a hemispherical dome of the Pantheon that was constructed around 27 B.C. The dome 
is extremely heavy, with a wall thickness of 1.5 m to 5.9 m and a volume of 53.000 cubic meters. 
At the top of this dome, a round opening (or oculus) with an area of about 63 square meters was 
installed, and this skylight illuminates the space [1]. 
Figure 1-B is a photograph of the Kimbell Art Museum built in 1972. This building is based on a 
vault space using a cycloid curve, and incorporates natural light from a gap at the top and 
reflectors. By vaulted ceiling of exposed concrete, the natural light taken in is diffused and 
reflected. This creates a soft light and prevents direct sunlight from reaching the artworks. 
Therefore, it prevents deterioration of artworks while brightening the space with naturaI light [2]. 
Another similar example is given. Figure 1-C which shows a lighting element's section view of 
the Menil Collection museum designed by Renzo Piano which was built in 1987. By using sun 
louvers in the building, indirect natural ight can be reflected uniformly into the exhibition rooms, 
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 Figure I -C [4]
As a general ighting rule, it is prescribed that skylights are 3 times more effective in daylighting 
performance, compared to side windows [5]. However, in summer and around noon, direct 
sunlight is very strong and interior spaces are not illuminated uniformly. There are 
countermeasures that can be taken, such as making the window glass corroded glass, or setting a 
roll screen on the skylight [5]. Figure 1-D indicates an example using corroded glass in an 
exhibition room of Kunsthaus Bregenz. Figure 1-E indicates an example of using a roll screen in 
an office building in Yokohama. But there are problems with these designs that result in a 
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 Figure 1-D [5]Figure 1-E [6] 
Some special examples of solving this problem with refractive materials will be introduced here. 
The first is Figure 1-F [6], a skylight in the Tokyo Midtown building. It is a skylight to receive 
natural light into an underground space. Water is flowing on the surface of this skylight, and the 
sunlight entering the underground space is diffused by the refraction of the water. In Addition, 
due to the heat insulating properties of water, the insulation of the skylight is improved [6]. 
The second example is Figure 1-G, "I Proj ect Skylight" designed by Ove Arup & Partners Japan 
Ltd and KUME SEKKEI Co. Ltd. The main feature of this building is the skylight at the top of 
                              5
the colonnade. Prism louvers, that refract and diffuse light, are installed in this skylight and 
introduce a level of brightness into the space so that it does not feel underground. In this skylight 
design, a geometric analysis of the amount of light diffusion of the louvers was done by 
 Grasshopper, which is a plugin of Rhinoceros. In addition, a one-ten scale physical model was 
made and measurements were taken using the physical model and actual sunlight [7]. 
The third example is Figure 1-H, the glass floor of the observation deck in the Marunouchi-
Building in Tokyo, which incorporates the spreading of glass balls as decoration [6]. The deck is 
structured so that direct sunlight, incident on the glass floor, is sufficiently refracted and diffused 
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 Among the above examples, using glass balls as refracting materials not only improves indoor 
lighting but it is also effective as ornament. Therefore, I considered this method to be optimal for 
improving the lighting environment in public spaces and commercial spaces. 
The purpose of this study is to propose skylights that refract and diffuse direct sunlight using 
glass balls. In addition, the performances of the skylights are analyzed using computational 
simulation analysis. 
However, there is a problem analyzing skylights that use refractive materials. 
The lighting analysis tool generally used in the field of building environmental engineering is 
"Radiance". The algorithm of "Radiance" is Radiosity [9]. Radiosity is a lighting algorithm to 
calculate lighting effect by only reflection and diffuse reflection of light. Therefore, diffuse 
reflection of light can be analyzed, but refraction of light cannot be analyzed [10]. For this reason, 
we cannot analyze lighting performance of skylights using refractive materials with this method. 
In this study, "Exposure lighting analysis" is used for lighting analysis. This is a lighting analysis 
tool add-on for 3 dsMax which has been validated in a collaborative effort between the National 
Research Council Canada (NRC), Harvard University and Autodesk [11]. This lighting analysis 
algorithm is Mental Ray's photon mapping [12]. Therefore, it is possible to analyze phenomena 
(caustics) in which light refracts and transmits through transparent substances uch as glass. For 
this reason, it is possible to analyze the phenomenon of direct sunlight entering the glass balls and 
refracting and diffusing. 
This paper examines the lighting performances of skylights using glass balls and the practicality 
of the skylights for buildings, mainly commercial facilities. In addition, considering a relationship 
between reflectance and value of color [13], this research examines how the color of the interior 
material affects the lighting performance of the skylights.
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2. Methods
2.1 Creating Analysis Models
 Software : Rhinoceros 5 (Robert  McNeel & Associates)
2.1.1 Settings of Analysis Space and Skylight 
First, analysis spaces were set. Figure 2-A indicates an analysis space model. The inside 
dimensions of the model are 6 meters width, depth and height. A skylight is placed at the center 
of the top surface of the model. Figure 2-B indicates a section view of the model and a detail of 
the skylight. The skylight is composed of double 3 mm thick sheets of glass. 
(In this analysis, a detailed structure of the window is simplified for analysis. The structure of the 
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Figure 2-B. Section View of the Model
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2.1.2 Modeling Skylights with 4 Different Patterns 





A Skylight without Glass Balls 
A Skylight with One Layer of Glass Balls 
A Skylight with Two Layers of Glass Balls 
A Skylight with Three Layers of Glass Balls
Figure 2-C-1 to Figure 2-C-4 indicate the 4 different ypes skylights. The first(2-C-l) is a skylight 
without glass balls. The second one(2-C-2) is a skylight with one layer of glass balls, each with a 
radius of 10 mm. The third one (2-C-3) is a skylight with two layers of the glass balls. The fourth 
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2.2 Settings for Analysis
Software: Autodesk 3dsMax 2017
 2.2.1 Material Settings 
Materials of the models were set up in Mental Ray Arch & Design software. 
2.2.1.1 Material Setting of Glass Balls and Skylight's Glass 
Table 2-1 shows the material setting of the glass balls and skylight's glass. This 
on a template of "Glass (Physical)" in Mental Ray Arch & Design. In addition 
number of refractions were increased for accurate analysis.
Table 2-1. Material Setting - Glass
setting is based 
, the maximum
Main Material Parameters
Diffuse Reflected Light 





















  1.0 
B:1.0 
  1.0 
1.54
Advanced Rend ering O Lions
Advanced Transparency 
Glass • Translucency 
 Refraction - Max Trace Depth 
Transparent Objects
       Solid 
        100 
Generate Caustics
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2.2.1.2 Material Setting of Floor, Walls and Ceiling 
In this research, in order to examine how the color of the interior material affects the lighting 
performance of the skylights, six materials with a different value of color and glossiness were 
created and the results of using each material as structures (floor, walls and ceiling) were 
compared. The six materials are as follows. 
 • Matte — White 
• Matte — Gray 
• Matte — Black 
• Glossy -- White 
• Glossy — Gray 
• Glossy — Black 
From Table 2-2-1 to Table 2-2-6 show the detailed settings of the frames. These setting are based 
on templates of"Matte Finish" and "Glossy Finish" in Mental Ray Arch & Design. 
        Table 2-2-1. Material Setting - Structure-Matte-Gray
Main Material Parameters
Diffuse Reflected Light 























  0.0 
 1.00
14
Table 2-2-2. Material Setting - Structure-Matte-White
Main Material Parameters
Diffuse Reflected Light 

























Table 2-2-3. Material Setting - Structure-Matte-Black
Main MateriaI Parameters


























Table 2-2-4. Material Setting - Structure-Glossy-Gray
Main Material Parameters
Diffuse Reflected Light 


























Table 2-2-5. Material Setting - Structure-Glossy-White
Main Material Parameters
Diffuse Reflected Light 

























Table 2-2-6. Material Setting - Structure-Glossy-Black
Main Material Parameters
Diffuse Reflected Light 


























2.2.2 Algorithm Setting 
Table 2-3 shows the algorithm setting in this research. The setting of Final Gather was based on a 
 tutorial of lighting analysis in 3dsMax  2017. (Final gather is a technique for estimating lobal 
illumination for a given point by either sampling a number of directions over the hemisphere over 
that point, or by averaging a number of nearby final gather points [14].) In addition, to be as close 
to reality as possible, the maximum numbers of reflections and refraction were increased. As for 
photon mapping, Trace Depth and the number of photons were increased.
2.2.3 Setting of Sunlight 
In this research, weather data on the website of the US Department of Energy was used for the 
lighting analysis [15].
2.2.3.1 Setting of Measurement Area 
The measurement area is Hyakuri airfield in Ibaraki that is the nearest area to Tokyo in all 
measurement area.
2.2.3.2 Setting of Measurement Dates and Times 
The analysis was done for three times of the year, spring, summer and winter. The measurement 
times are for Sunny days (the days when direct normal illuminance is high) before and after the 
summer solstice, spring equinox and winter solstice. The measurement dates are as follows.
• Measurement Date — Spring: March 20 
• Measurement Date — Summer: June 22 
• Measurement Date — Winter: December 21
The analysis times are every hour from 6 a.m. to 6 p.m. on the dates. Table 2-4 shows the sunlight 
data of measurement dates in the area.
17




 Initial FG Point Density 
 Rays per FG Point 
Interpolate Over Num. FG Points 









 Max. Depth 





Caustics & Photon Mannin
Caustics 
 Multiplier 









 Maximum Num. Photons er Sample 100
Trace Depth 
 Max. Depth 
 Max. Reflections 





 Average Caustic Photoms per Light 




    2.0
          Geometry Properties 
All Objects Generate & Receive GL and Caustics
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 Table 2-4 : Sunlight Data for Anal ysis
EnergyPlus Energy Simulation Software : TOKYO Hyakuri Summer - June 22
6:00 7:00 8:00 9:00 10:00 11:00 12:00
















13:00 14:00 15:00 16:00 17:00 18:00














EnergyPlus Energy Simulation Software : TOKYO Hyakuri : Spring - March 20
6:00 7:00 8:00 9:00 10:00 11:00 12:00
















13:00 14:00 15:00 16:00 17:00 18:00














EnergyPIus Energy Simulation Software : TOKYO Hyakuri : Winter - December 21
6:00 7:00 8:00 9:00 10:00 11:00 12:00
















13:00 14:00 15:00 16:00 17:00 18:00















2.2.4 Analysis Method 
In this research, two methods were used as representation methods of the analysis results. The 
first is making images. The second is the measurements and calculations of illuminance.
2.2.4.1 Making Images 
Figure 2-D indicates a planar image of the camera installation in the model. A camera was 
installed at 1600 mm above the floor of the indoor space. Using this camera, images of realistic 
rendered images and illuminance distributions were rendered. Table 2-5 shows the main setting of 











Two types of images, a perspective image and an illuminance distribution image, were made. 
Table 2-7-1 shows the setting of exposure control for making the perspective images. Table 2-7-2 
shows the setting of exposure control for making the illuminance distribution images.
20





 20.0 mm 
83.974 deg
Environment Range 
 Near Clip 
 Far Clip
   0.0 mm 
10000.0 mm
Target Distance 1600.0 mm
Other Settings are Default





R:0.0 G:0.0 B:0.0 















. Exposure Control for Making 
    Images
mr Photographic Exposure Control
Exposure 
 Exposure Value 9.0
Image Control 
Highlight(Burn) 
 Mid tones 
 Shadows 
 Color Saturation 
 White point 
 Vignetting
      0.25 
        1.0 
       0.2 
       1.0 
6500 Kelvin 
       0.0
Physical scale Physical Units: (cd / m2)
Gamma / LUT Settings 
 Display Gamma Enabled 2.200000
Table 2-7-2. Exposure Control for Making 
      Illuminance Distributions











 0.0 lx 
4000 lx
Physical Scale 1500 cd
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2.2.4.2 Measurement and Calculation of Illuminance 
The second method is to set 121 illuminance measuring points in the space and measure 
 illuminance at each point. Figure 2-E-I and Figure 2-E-2 indicate a planar image and an isometric 
image of the measurement points' arrangement. Purple circles in Figure 2-E-1 and Figure 2-E-2 
are points at which illuminance is measured. Illuminance measurement points were arranged at 
500 mm intervals on a floor at a height of 800 mm and illuminance values were measured at each 









Uniformity is the 
standards [16]. 
ratio of the minimum illuminance to the average illuminance, based on JIS
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Figure 2-E-1 Figure 2-E-2
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3. Results
The analysis data with each skylight were shown in the following format. 
In this chapter, images of realistic rendered images and illuminance distributions at 11 a.m. on 
 each measurement date are shown. Moreover, the above items (Maximum Illuminance, Minimum 
Illuminance, Average Illuminance and Uniformity) from 6 a.m. to 6 p.m. on each measurement 
date are shown. The images from 6 a.m. to 6 p.m. and more detailed numeric analysis data are 
included in chapter 8. Appendices in this paper. 











Skylight with Two Layers 
    of Glass Balls
Skylight with Three Layers 
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. Results in Spring
Results with Matte White Material
Skylight without Glass Ball
Skylight with 
   of Glass
One Layer 
Balls
Skylight with Two Layers 
    of Glass Balls
 Skylight  with Three Layers 
    of Glass Balls
Numeric Data
 Table 3-1-2. Anal sis Result - Matte - White - S rin
Ma ximum•I11urinnnce(1x)
6:01) 7:11D 13:011 9:00) 10:0n 11:00 12:00 13: D11 14:1X) i 5.1111 10:00 17:00 1E:00 Averuue
No-Olu s%-Halls 
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Results with Matte Gray Material
 Skylight  without Glass Ball
Skylight with One Layer
of Glass Balls
Skylight with Two Layers
 of  Glass  Balls
Skylight with Three Layers
of Glass Balls
Numeric Data
Table 3-1-1 . Anal sis Result - Matte - Gray - Snrin
Maximum-Illuntatanc c(Ixl
6:00 7:00 R:00 9.00 10:110 11:00 12:00 13:00 14:00 15:0f1 16:00 17:00 18:00 Averaee
Nn-111ass-Halls 
I-l.ayerdilass-Rak6 
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Results with Matte Black Material
Skylight without Glass Ball
Skylight with 
   of Glass
One Layer 
Balls
 Skylight  with Two Layers 
of Glass Balls
Skylight with Three Layers 
of Glass Balls
Numeric Data
Table 3-1-3. Anal  sis Result - Matte - Black - S rin
Maxi!! ntm-1l1tsnnuunce (1x)
6:f111 7:011 R:01) 9:49) 11h[9) 11:1x) 12:00 13:1M1 14:1M) 15:10 16:00) 174M1 Ili :fx1 AVeru¢C
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Results with Glossy White Material
Skylight without Glass Ball
Skylight with 
   of Glass
One Layer 
Balls
Skylight with Two Layers 
    of Glass Balls
Skylight with Three Layers 
    of Glass Balls
Table3-1-5.
 Numeric Data. 
Analysis Result - Glom -White - Sprin
ilfaximutn-Illulainance(lx)
6:00 7:00 R:00 9:110 10:00 11:00 12:00 13:0t1 14:00 15:00 16:00 17:00 18:00 Averaaae
Ni>4ilias-Ra11a 
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Results with Glossy Gray Material
Skylight without Glass Ball
Skylight with 
   of Glass
One Layer 
Balls
Skylight with Two Layers 
    of Glass Balls
Skylight with Three Layers 
    of Glass Balls
Numeric Data
Table 3-1-4. Anal sis Result - Gloss
 
-  Gra -s rin
Maximum-Il luminance[lx)
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Results with Glossy Black Material
Skylight without Glass Ball
Skylight with 
   of Glass
One Layer 
Balls
 Skylight  with Two  Layers 
    of Glass Balls
Skylight with Three Layers 
    of Glass Balls
Numeric Data
Table 3-1-6. Anal sis Result - Gloss  - Black - Sorin
Maximunt-111unUnattuc(lx)
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3.2 . Results in Summer
Results with Matte White Material
Skylight without Glass Ball
Skylight 





Skylight with Two Layers 
    of Glass Balls
Skylight with Three Layers 




Table 3-2-2. Anal sis Result - Matte - White - Summer
 Maxim um-Il lumi mince(lx)
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Results with Matte Gray Material
Skylight without Glass Ball
Skylight with 
   of Glass
One Layer 
 Balls
Skylight with Two Layers 
    of Glass Balls
Skylight with Three Layers 




. Anal sis Result - Matte - Gm - Summer
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Results with Matte Black Material
Skylight without Glass Ball
Skylight with 
   of Glass
One Layer 
Balls
Skylight with Two Layers 
    of Glass Balls
Skylight with Three Layers 
    of Glass Balls
Numeric Data
Table 3-2-3. Anal  sis Result - Matte - Black - Summer
iHux i m iun - Il Iuneinumg(1 x)
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Results with Glossy White Material
Skylight without Glass Ball
Skylight with 
   of Glass
One Layer 
Balls
Skylight with Two Layers 
    of Glass Balls
Skylight with Three Layers 
 of Glass  Balls
Numeric Data
 Table 3-2-5. Anal sis Result - Gloss - White - Summer
Mai'unum-lIluntin tex(lx)
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Results with Glossy Gray Material
Skylight without Glass Ball
Skylight with 
   of Glass
One Layer 
Balls
Skylight with Two Layers 
 of Glass  Balls
Skylight with Three Layers 
of Glass  Balls
 Numeric  Data
Table 3-2-4. Anal sis Result - Gloss - Gra - Summer
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Results with Glossy Black Material
Skylight without Glass Ball
Skylight with One Layer 
   of Glass Balls
Skylight with Two Layers 
    of Glass Balls
Skylight with Three Layers 
    of Glass Balls
Numeric Data
Table 3-2-6. Anal sis Result - Gloss - Black - Summer
 Maximum-ll1urninunce(Ix)
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3.3 . Results in Winter
Results with Matte White Material
Skylight without Glass Ball
Skylight with 
   of Glass
One Layer 
Balls
Skylight with Two Layers 
    of Glass Balls
Skylight with Three Layers 
    of Glass Balls
Numeric Data
Table 3-3-2. Ana] sis Result - Matte - White - Winter
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Results with Matte Gray Material
Skylight without Glass Ball
Skylight with 
   of Glass
One Layer 
Balls
Skylight with Two Layers 
   of Glass Balls
Skylight with Three Layers 
 of  Glass  Balls
Numeric Data
 Table 3-3-i. Anal sis Result - Matte - Gra - Winter
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Results with Matte Black Material







Skylight with Two Layers 
    of Glass Balls
Skyl  ight with Three Layers 
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 Num eric Data
Table 3-3-3. Anal sis Result - Matte - Black - Winter
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Results with Glossy White Material
Skylight without Glass Ball
Skylight with One Layer 
   of Glass Balls
Skylight with Two Layers 
    of Glass Balls
Sky light with Three Layers 
 of Glass Balls
Numeric Data
Table 3-3-5. Anal sis Result - Gloss - White - Winter
 Maximumdllwnitwnsx(tx]






















































6:1k1 7110 8:(UI 9181 10:00 11:i11 12:f10 13:01 1401 15110 16:181 17 (XI 111:181 Average
Wc -GIaas-Hglla 










































































































6:0I1 7181 S:00 9:00 10:00 11181 12:00 13:(k1 14:00 15:00 16:(10 17:00 1K:00 Average
No-Ca -l4116 




















































Results with Glossy Gray Material
Skylight without Glass Ball
Skylight with 
   of Glass
One Layer 
Balls
Skylight with Two Layers 
    of Glass Balls
Skylight with Three Layers 
    of Glass Balls
Numeric Data
Table 3-3-4. Anal sis Result -Gloss -Gra - Winter
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Results with Glossy Black Material
 Skylight without Glass Ball
Skylight with 
   of Glass
One Layer 
Balls
Skylight with Two Layers 
    of Glass Balls
 Skylight  with Three Layers 
    of Glass Balls
Numeric Data
Table 3-3-6. Anal  sis Result - Gloss - Black - Winter
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4.1 Difference for Each Skylight
The larger the amount of glass balls spread in the skylight, the more there is a loss of light and 
 there is a lower maximum illuminance and a lower average illuminance. However, there is no 
much difference in minimum illuminance between the 4 types of skylights. Moreover, the larger 
the amount of glass balls that are spread in the skylight, the more uniformly the space below is 
illuminated.
4.2 Difference for Each Measurement Date
The differences of lighting performances in the 
measurement dates. Alternatively, the differences 
remarkable in alI of the measurement dates.
summer are most remarkable in all of the 
of lighting performances in winter are least
4.3 Difference for Each Interior Material
The higher the value of color of the wall material, the higher the average illuminance and 
uniformity because the light diffused by the skylight spreads evenly. Moreover, the difference in 
lighting performance (average illuminance and uniformity) due to value of color with matte 
material is larger than that with glossy materials. The case where the lighting performance was 
the highest was the case using white matte material. The case where the lighting performance was 
the lowest was the case using black matte material.
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4.4 Evaluation Based on JIS
 Table 4-1 shows basic lighting requirements of indoor space in JIS.
Table 4-I . JIS Illuminance Standards Quoted from JIS Z 9110: 2010 [16]
Basic Lighting Requirements (Interior)





Very Coarse Visual Work, Short Visit, Warehouse 100
Places not to be Used Continuousl for Work 150
Coarse Visual Work, Continuously Workin Room 200
Somewhat Coarse Visual Work 300 0.7
Ordinary Visual Work 500 0.7
Somewhat Precise Visual Work 750 0.7
Precise Visual Work 1000 0.7
Very Precise Visual Work 1500 0.7
Ultra-Precision Visual Work 2000 0.7
In many cases, according to JIS Illuminance Standards, it is recommended that the uniformity of 
indoor space is 0.7 or more. Table 4-2 shows combinations with a degree of uniformity of 0.7 or 
more from 9 a.m. to 3 p.m. at each measurement date.
Table 4-2. Corn binations that Meets Prescrib ed Degree of Uniformity
White Gray Black






Glossy 3-Layers-of-Glass-Balls 3-Layers-of-Glass-Balls 3-Layers-of-Glass-Balls























Next, usefulness of the skylights in commercial spaces and public spaces is considered 




. JIS Illuminance Standards Quoted from JIS 2 9110:
. Table 4-3 
and public
2010 [16]
Commercial Facilities (Goods Dealers) 





Common Items to 
    Shops
Register 750 0.7
Paekina Table 750 0.7
Commercial Facilities (Food and Drink, Cinemas and other Entertainments) 
                                                   Maintaining
          Type of Area, Work, or Activity Illuminance(lx)
Illuminance 
Uniformity




;count Room 500 0.7




Account Room 500 0.7
Cloak Counter 500 0.7
Cinema and other 
Entertainment
Ticket Office 500 0.7
Museum , Public I-Iall and Theater 







Ticket Office 500 0.7
Hotel





Hotel Reception 750 0.7
Account Room 750 0.7
Cloak Counter 500 0.7
Based on a classification of illuminance in JIS, in a case of maintaining an illuminance of 5001x, 
it is necessary to ensure an illuminance of at least 300 lx or more in the entire space [16]. Table 
4-4 shows combinations having a minimum illuminance of 300 lx or more and an average 
illuminance of 500 lx or more at every measurement time from 9 a.m. to 3 p.m. among Table 4-2.
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Table 4-4. Combinations that Meets Prescribed Degree of Uniformity and Illuminance(5001x)
White Gray Black






Glossy 3-Layers-of-Glass-Balls 3-Layers-of-Glass-Balls 3-Layers-of-Glass-Balls










Winter : December 21 Matte
Glossy
From the above results, it was found that, in spaces where the maintaining illuminance is 5001x, 
the following combinations can secure desirable lighting performance with only natural lighting 








3-Layers-of-Glass-Balls 3-Layers-of-Glass-Balls 3-Layers-of-Glass-Balls 
Similarly, a Similarly, a case where maintaining an illuminance of 750 lx is considered. In this 
case, it is necessary to ensure illuminance of at least 500 lx or more in the entire space [16]. 
Table 4-5 shows combinations having minimum illuminance of 500 lx or more and an average 
illuminance of 750 lx or more at every measurement time from 9 a.m. to 3 p.m. among Table 4-2.
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 Table 4-5. Combinations that Meets Prescribed Degree of Uniformity and Illuminance(7541x)
White Gray Black













Winter : December 21 Matte
Glossy
From the above results, it was found that, in spaces whose maintaining illuminance is 7501x, the 
following combinations can secure desirable lighting performance with the use of only natural 
lighting during the daytime, except for winter.








5.1 Conclusion of Analysis Results
In this study, it was found that it is better to use a material with high value of color as an interior 
 material in order to bring about a higher illuminance and a higher uniformity using a skylight 
with glass balls. Moreover, it was found that when you need to use an interior material with a low 
value of color for design reasons, by using glossy materials, it is possible to suppress the 
deterioration of the daylighting efficiency of a skylight with glass balls.
5.2 Conclusion of Analysis Method
In the lighting analysis of this research, a method different from common methods was used. In 
this research, due to time constraints and the performance of the computer used for the analysis, 
the analysis conditions (Setting of Global Illumination, Caustics and Photon Mapping) had to be 
simplified, and only simple flat skylights could be analyzed. However, a big achievement of this 
research was that an analysis of the lighting effect by refraction and diffusion of light through 
refracting materials was made possible by computer lighting analysis using photon mapping. In 
the future, it is expected that by improving the performance of computers, it will become possible 
to verify the lighting performance of more complicated skylights using refractive materials, and 
that lighting analysis will be able to be performed on more realistic analysis conditions.
5.3 About Works of This Research
In this research, to express the research contents realistically, the following 3 types of partial 
physical models were made.
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• A Skylight without Glass Balls 
• A Skylight with One Layer of Glass Balls 
• A Skylight with Two Layers of Glass Balls 
It is ideal that a pure glass is used for a material of the skylight, the same as the analysis model. 
However, it was impossible to make the structure to withstand the weight of glass balls using 
pure glass. In fact, it is common to use laminated glass for skylight [6]. Nevertheless, it is 
difficult for a layman to make skylights using laminated glass. Therefore, acrylic glass was used 
for the skylights in these works. In addition, due to time constraints, it was impossible to verify 
 whether an acrylic glass can withstand the weight of three layers of glass balls, so creating a 
skylight with three layers of glass balls was shelved in this research. About a sash of the skylight, 
it is ideal that aluminum is used. However, these works have a structure as shown in from Figure 
8-A-I to Figure 8-A-3 using plywood to make them easy for a layman to make. 
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Detailed Section View 
B (1:1)
Drafts of A Skylight with Two Layers of Glass Balls
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- Figure  8-B-1. A Skylight without Glass Balls
  
• • .1 
•




Figure 8-B-2. A Skylight with One Layer of Glass 
               Balls
                                                         r. . 
Figure 8-B-3. A Skylight with Two Layers of Glass 
                Balls
In addition, these skylights were installed above a box-shaped physical model. The external 
dimensions of the physical model are: length 24 cm, width 24 cm, and height 24 cm. Moreover, 
these models were installed in the outdoors, and how sunlight entered these models was observed. 
Figure 8-C-1 to Figure 8-C-3 shows the results. 





 Figure  8-C-1.  E
• 
 
.  A  Skylight  without  Glass  Balls
•
    
• ,
= - 
                    -1114
                             rr.‘
 Y.•
 Figure  8-C-2. A Skylight with One Layer of Glass 
               Balls
                                                                                         • 
Figure 8-C-3. A Skylight with Two Layers of Glass 
               Balls
"A Skylight without Glass Balls" made sharp shadows
. "A Skylight with One Layer of Glass Balls" 
took soft light into the space by refracting sunlight to some extent. "A Skylight with Two Layers of 
Glass Balls" made light patterns by complex refractions of sunlight. This was something that could 
not be found by computational analysis, and it was a great accomplishment that we could discover 
this with the physical models. We discovered that the skylight using glass balls not only raises the 
uniformity of light in the space, but it also introduces an interesting design element into the space 
due to the lighting effects. This is believed to lead to widening the range of environment-conscious 
buildings that combine better environmental performance and better design. 
In addition, these models were installed in the indoors and an artificial spotlight was irradiated to 




. A Skylight without Glass Balls
riirim'  '1  'I',
a . 
    •
1
             ^  
Figure 8-D-2. A Skylight with One Layer of Glass 
               Balls
Figure 8-D-3. A Skylight with Two Layers of Glass 
               Balls
"A Skylight without Glass Balls" made sharp shadows
, the same as by sunlight. "A Skylight with 
One Layer of Glass Balls" made light patterns by complex refractions of light. "A Skylight with 
Two Layers of Glass Balls" made light patterns by more complex refractions than "A Skylight with 
One Layer of Glass Balls". This could also be applicable to the design of lighting fixtures that 
provide interesting lighting effects while illuminating the space more evenly. 
In this research, it was a great result that the lighting performance of skylights using glass balls 
could be analyzed by computer simulation. However, in addition to that, it can be said that it was 
 also a great achievement of  this  research to discover things, through the use of physical models, 
that could not be understood by computer analysis alone. Based on this research, in the future it is 
expected that skylights that combine better design with better lighting performance will be created.
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8. Appendices
8.1 Images of Results
 In this section, images of perspectives and illuminance distributions from 6 a.m. to 6 p.m. on each 
measurement date are shown. The analysis data with each skylight were shown in the following
format. 
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